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Cell behavior is mediated by variety of physiochemical properties of the extracellular matrix (ECM).
Mechanical stiffness of ECM, in particular, is found to be a major regulator for the multiple aspects of cel-
lular function. Experiments show that cells generally exhibit an apparent adhesion preference for stiffer
substrates. The effect of substrate elasticity is also found to be strongly coupled with adhesivity of the
substrate. To understand the underlying physics of rigidity sensing mechanism in cells, in this study
we use a vesicle-substrate system to model cell adhesion as a ﬁrst order approximation. Within this
framework, an equilibrium thermodynamic analysis is undertaken to elucidate the interplay between
substrate compliance and equilibrium conﬁguration of an adherent vesicle. The equilibrium adhesion
is assumed to ensure minimization of the free energy contributed by substrate deformation and interfa-
cial adhesive and repulsive interactions between the membrane and substrate. The predictions of this
purely mechanistic model are found to be qualitatively analogous to some of the characteristic features
of cell adhesion to compliant bio-adhesive substrates. This observation suggests that the physical aspects
of the membrane–substrate interfacial interactions could passively contribute in regulation of the rigidity
sensing by cells.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Cell behavior is mediated by variety of physiochemical proper-
ties of extracellular matrix (ECM). Surface chemistry (Liu et al.,
2007; Morgenthaler et al., 2008), roughness (Martin et al., 1995;
Lampin et al., 1998) and distribution pattern of cell adhesive pro-
teins (Chen et al., 1998; Christman et al., 2006; Cavalcanti-Adam
et al., 2007) are among the ECM properties which are known to
modulate various cellular physiological functions. Mechanical stiff-
ness of ECM is also found to be a major regulator for multiple as-
pects of cellular function, ranging from cell motility to the
lineage commitment and differentiation (Discher et al., 2005).
Quantiﬁcation of migration speed of motile cells cultured on sub-
strate with variable stiffness reveals a biphasic dependence on sub-
strate compliance, suggesting the existence of an optimal stiffness
capable of supporting maximal speed of migration (Peyton and
Putnam, 2005). Contractile cells, such as vascular smooth muscle
cells (VSMC), become more proliferative and less apoptotic in re-
sponse to the increasing the substrate stiffness (McDaniel et al.,
2007). Other studies have demonstrated the strong inﬂuence of
substrate elasticity on the lineage commitment of naive stem cells
and driving their differentiation to variety of mature cells (Engler
et al., 2004a, 2006).ll rights reserved.The acute molecular basis of the sensory mechanism through
which the tissue cells sense the ECM elasticity and translate it into
a downstream response is largely unknown. It is currently believed
that the downstream signaling in response to the matrix stiffness
should be started at the molecular level and by transmembrane
integrin receptors present on the surface of adherent cells. These
mobile proteins can selectively associate with the complementary
adhesive ligandmolecules of ECM, providing not only the adhesion
between the cell membrane and the matrix, but also a pathway of
force transmission from inside the cell to the elastic substrate. The
cytoskeletal force exerted on the ligand–receptor anchorage sites
can deform the soft substrate and trigger the action of signaling
molecules and mechano-transducers (Schwarz and Bischofs,
2005). Considering the role of these receptor-mediated linkages
in initiation of the elasto-sensitivity, one could expect that
substrate stiffness may also regulate the state of cellular adhesion.
Pelham and Wang (1997) in a seminal study reported that the
adhesion of rat kidney epithelial and 3T3 ﬁbroblastic cells are
strongly regulated by the rigidity of the underlying collagen coated
polyacrylamide substrates. Subsequent and more quantitative
works with different elastic substrates showed that cells in general,
exhibit an apparent adhesion preference for stiffer substrates with
a more organized cytoskeleton and a larger but saturable projected
spread area with increasing the substrate stiffness (Lo et al., 2000;
Engler et al., 2004b).
How stiffness couples with adhesiveness of the substrate to
upregulate the cellular adhesion is a question raised recently with
Fig. 1. Spread area of smooth muscle cells versus the ligand density and the
mechanical stiffness of the collagen coated supporting substrate (adopted with
permission from Engler et al., 2004b).
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the orthogonal determinants of similar importance in a host of
similar response (Geiger, 2001). For example, measurement of
spreading area of VSMCs on collagen coated poly(methyl methac-
rylate) gels shows that on relatively stiff substrates cells exhibit
a strong biphasic dependence to the changes in collagen density,
whereas on soft substrates their limited spreading is much less
sensitive to the density of collagen (Fig. 1). The direction of lineage
speciﬁcation of stem cells is also been demonstrated to depend not
on the substrate stiffness alone, but more on a deﬁnitive combina-
tion of stiffness and adhesiveness of the substrate (Rowlands et al.,
2008).
The main purpose of the present contribution is to investigate
the effect of relevant physical parameters on the cell adhesion to
a compliant bio-adhesive substrate. Vesicles reconstituted with
receptor proteins are regularly used as useful model systems to
study the physics of bio-adhesion. In this paper, we elucidate the
theoretical bases of the interplay between the substrate stiffness
and the vesicle adhesion, using an equilibrium thermodynamic
model which is originally developed by Bell et al. (1984) and
Dembo and Bell (1987), hereafter referred to as D–B model. Within
this framework, the substrate-vesicle equilibrium contact isCcontact zone C (surface=A ) 
C
Fig. 2. Schematic view of our model for vesicle adhesion to a compliant bio-adhesive s
ligands with density of nL. The vesicle with total surface area of AM is reconstituted with
place within a contact zone with area of AC. The bending rigidity of the membrane l
macroscopic contact angel of hC. The speciﬁc adhesion is alleviated by the repulsive force
receptor bonds are stressed by the forces developed by the compressed repelling layer. Tassumed to ensure minimization of the free energy contributed
by different components describing the energetic and the entropic
nature of the interaction between the membrane and the
substrate. Recent studies on controlled adhesion of biomimetic
vesicles have reasoned the success of the equilibrium thermody-
namic models, suggesting that cell adhesion can be envisioned as
ﬁrst-order wetting transition of the bilipid membranes (Sackmann
and Bruinsma, 2002). Here the termmembrane refers to a very thin
and highly ﬂexible layer which encloses the vesicle. For the model-
ing purpose, this layer is pictured as a thin elastic shell with a ﬁnite
bending rigidity. The shape of the membrane therefore is con-
trolled by the interplay between the adhesion and its elastic defor-
mation. In the theoretical analysis to follow, we generalize the D–B
model to include the effect of substrate compliance and examine
whether such a purely physical picture of bio-adhesion is able to
describe some of the experimentally observed features of cell
adhesion to compliant substrates.2. Model description
Fig. 2 shows the schematic representation of a vesicle in contact
with a compliant substrate S with total surface area of AS. The
surface of the isotropic elastic substrate is coated by surface
conjugated ligands with constant concentration of nL. Vesicle
membrane, represented by closed surface M, has the surface area
of AM and carries a constant number of laterally mobile receptors
with total surface density of nR = NR/AM, where NR is the total num-
ber of the receptors. The transmembrane mobile receptors have
speciﬁc afﬁnity for the complementary immobilized ligands on
the substrate. The non-covalent association of ligands with recep-
tors takes place within a subset of M and S, henceforth denoted as
the contact zone Cwith surface area of AC. The free mobile receptors
are assumed to be uniformly distributed over the membrane at
thermodynamic equilibrium, consistent with the requirement of
maximum entropy. Hence, the concentration of free receptors is
nRf ¼ NR  NCAM ; ð1Þ
where NC is the number of ligand–receptor bonds within the con-
tact zone. The concentration of free ligands in the contact zone
can be expressed asδ
glycocalyx 
 : receptor  : ligand 
membrane M (surface=AM) 
Δ
substrate S (surface=AS) 
ubstrate with surface area of AS which is functionalized with immobilized surface
NR mobile receptors. The speciﬁc adhesion between the receptors and ligands takes
eads to a smooth transition from the free to the adhering membrane, forming a
of a compressible layer of glycocalyx on the ventral side of the vesicle. The ligand–
hese stressed bonds can locally deform the membrane and the compliant substrate.
Fig. 3. Schematic view of the contour of adhering vesicles subjected to surface
tension r in direction perpendicular to the contact line near the adhesive substrate.
The straight slope regime of the free vesicle contour makes a macroscopic contact
angel hC with the substrate.
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Here nC = NC/AC shows the concentration of ligand–receptor bonds.
The vesicle, substrate, and surrounding medium are viewed as a
thermodynamic system in equilibrium, with constant volume,
pressure, and temperature. We assume that the primary cause
for a change in energy of the system is the establishment of
ligand–receptors bonds. However, there are some energy barriers
to overcome before the ligand–receptor binding can occur. Surface
receptors of cells are generally buried deep within a hydrated layer
of oligosaccharides such as glycocalyx chains with a thickness up to
tens of nanometers. The resulting non-speciﬁc repulsion due to the
steric interactions, electrostatic potentials, and hydration of glyco-
calyx conspire to produce an energy barrier to cell-substrate adhe-
sion. The resulting energy penalty (per unit area) for compressing
the glycocalyx to the heightD is often represented by the following
phenomenological function (Bongrand and Bell, 1984)
CðDÞ ¼ c
D
expðD=sÞ: ð3Þ
Here, the parameters s and cmeasure the thickness and stiffness of
glycocalyx layer on the membrane. The surface of the cell mimetic
vesicle in our study is assumed to be coated with a brush layer of
glycocalyx molecules, showing the repulsive potential shown by
Eq. (3).
Upon establishment of the adhesion between a ligand and a
receptor, the bonded molecules are being stretched by the interfa-
cial repulsion which tends to separate the membrane from the
adhesive substrate. Forces exerted by the stretched bonds locally
deform the membrane and compliant substrate. The separating
distance between the membrane and substrate changes along the
contact zone due to the adhesion-induced deformations. The de-
tailed analysis of these local deformations although is possible,
but leads to considerable complexity. Here, for simplicity, let us as-
sume that D is the average distance between the substrate and
(undeformed) membrane (Fig. 2). The stressed bonds pull the com-
pliant substrate leading to a local deformation of d at each bonding
site. This adhesion induced deformation and the tensile force of
each bond, FB, are connected as FB = kSd, where (Kendall, 1971)
kS ¼ ESdð1 m2S Þ
: ð4Þ
Hered is thediameter of a bondandES andmS are theYoung’smodulus
and the Poisson’s ratio of the elastic substrate. If the stiffness of the
membrane and ligand–receptor bonds are modeled by spring
constants kM and kB, then we have kC(D  L) = kSd, where L shows
the length of an unstressed ligand–receptor bond and
kC ¼ k1M þ k1B
 1
.
In order to conform to the ﬂat geometry of the substrate, local
deformation of lipid bilayer around the contact zone is necessary.
This deformation occurs predominantly by elastic bending. The ﬁ-
nite bending stiffness of the membrane prevents the formation of
sharp edges at the boundary of the contact zone and leads to a
smooth transition from a free to an adhering membrane. The elas-
tic energy of this deformation can be accounted for simply by con-
sideration of the membrane as a soft elastic shell and by
mechanical analysis of the adhering membrane near the substrate
which is subjected to in-equilibrium forces. Fig. 3 shows a sche-
matic view of the membrane near the edge of the contact zone.
The local contribution to bending energy scales with the square
of the local curvature. Therefore, the bending energy is concen-
trated along the boundary of the contact zone and can be approx-
imately neglected elsewhere. On the basis of elementary bending
theory (Bruinsma, 1996), one can show that the membrane proﬁle
u(r) follows:j
@4u
@r4
 r @
2u
@r2
¼ 0; ð5Þ
where r is the local axis perpendicular to the contact line, j is the
bending modulus, and r is the outer surface tension (outside of
the contact zone) which is taken to be a constant (Coombs et al.,
2004). The corresponding boundary conditions are u(0) = 0,
u0(0) = 0, and u0(1) = hc, where hc ¼ cos1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 4ACAM
q
is the macro-
scopic contact angel (Fig. 2). A solution satisfying these boundary
conditions is
uðrÞ ¼ hcr  hckð1 expðr=kÞ; for r > 0;
0; for r 6 0;

ð6Þ
where k ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃj=rp is the capillary length. The elastic energyof bending
per unit length of the contact boundary is
R1
0
j
2
@2u
@r2
 2
dr (see Coombs
et al., 2004).
According to D–B thermodynamic model (Bell et al., 1984;
Dembo and Bell, 1987), the establishment of stable equilibrium
adhesion warrants the minimization of the change in Gibbs free
energy of the system. In the thermodynamic paradigm model of
adhesion, depicted by Fig. 2, the change in Gibbs free energy of
the system is constituted from: (1) the ligand–receptor bond for-
mation restricted to the contact zone, (2) the interfacial repulsion
between the cell and the substrate mediated by the bulky macro-
molecules on cell surfaces, (3) the deformation of binding mole-
cules to alleviate the repulsion, (4) the substrate and the
membrane deformation, and (5) the elastic bending of membrane,
among which the last two components are added to what has been
originally outlined in the D–B model. In what follows, we drive an
expression for the Gibbs free energy of the thermodynamic system
shown by Fig. 2.
3. Minimization of free energy
Taking into account all different contributions involved in the
adhesion, the change in Gibbs free energy of the system can be rep-
resented by
G ¼
Z
x2M
nRf ðxÞlRf ðxÞdxþ
Z
x2S
nLf ðxÞlLf ðxÞdx
þ
Z
x2C
nCðxÞlCðxÞdxþ
Z
x2C
CðDÞdxþ NC
2
kSd
2
þ NC
2
kCðD LÞ2 þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pAC
p Z 1
0
j
@2u
@r2
 !2
dr; ð7Þ
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gands, and bonds, respectively. Assuming that the receptors are
ideal solute particles in the membrane, the corresponding chemical
potentials can be expressed as
lRf ¼ l0Rf þ kBT lnðnRf Þ; ð8aÞ
lLf ¼ l0Lf þ kBT lnðnLf Þ; ð8bÞ
lC ¼ l0C þ kBT lnðnCÞ; ð8cÞ
where kBT is the thermal energy and l0Rf ;l0Lf , and l0C are the chem-
ical potentials at a standard state.
After substitution of different components, G can be expressed
as
G ¼ GRf þ GLf þ GC þ GD þ GB; ð9Þ
where
GRf ¼ ðNR  NCÞ l0Rf þ kBT ln
NR  NC
AM
  	
; ð10aÞ
GLf ¼ ðACnL  NCÞ l0Lf þ kBT ln nL 
NC
AC
  	
þ ðAS  ACÞnL l0Lf þ kBT lnðnLÞ
h i
; ð10bÞ
GC ¼ NC l0C þ
1
2
kCðD LÞ2 þ 12 k
2
CðD LÞ2=kS þ kBT ln
NC
AC
  	
; ð10cÞ
GD ¼ ACCðDÞ; ð10dÞ
and
GB ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pAC
p jh2
2k
: ð10eÞ
Minimization of Gwith respect to each of the state variables (i.e., NC,
AC, and D) gives the corresponding equilibrium values, so that equi-
librium number of ligand–receptor bonds, contact area, and separa-
tion distance can be predicted as a function of other system
properties. Since the total free energy is a continuously differentia-
ble function, the following equations must be simultaneously
satisﬁed:
@G
@NC
¼ @G
@AC
¼ @G
@D
¼ 0: ð11Þ
In addition, the system is subjected to the following constraint
conditions:
0 6 D; ð12aÞ
0 6 NC 6 min½NR;ACnL; ð12bÞ
0 6 AC 6 AC;max ¼ AM=4: ð12cÞ
Condition (12c) implies that the area of contact zone cannot exceed
a deﬁnite upper limit, due to a geometric restriction imposed by the
ﬁnite surface area of the membrane. Substitution of G into Eq. (11),Table 1
Numerical values used for dimensional parameters in the model.
Parameter Deﬁnition Estimated
NR Receptor density 330lm2
AM Surface area of cells 400lm2
c Compressibility coefﬁcient of glycocalyx 106dyne
s Thickness coefﬁcient of glycocalyx 102lm
j Bending modulus 108dyne
r Membrane tension 105dyne
L Length of an unstressed ligand–receptor bond 2  102l
Keq
a Equilibrium receptor-ligand afﬁnity 1lm2
kb Rigidity of a single bond 105dyne
km Rigidity of membrane 104dyne
a Deﬁned as Keq ¼ exp l0Rf þ l0Lf  l0C þ kBT
 
=kBT .leads to a set of non-algebraic equations which can be solved
numerically.4. Results and discussion
In this section, we implement the proposed model to see how
changing the compliance of an adhesive substrate affects the vesicle
conﬁguration in equilibrium. Following D–Bmodel, we describe the
vesicle conﬁguration in terms of three key parametersD,NC, and AC.
The goal is to study the variation of these conﬁgurational variables
by changing the substrate compliance concomitant with other con-
trol parameters, such as ligand density, receptor-ligand energetic
afﬁnity, substrate repulsion, and surface tension. Table 1 represents
the values of dimensional model parameters and their range of var-
iation based on the theoretical predictions or experimental mea-
surements. The following dimensionless parameters have been
used in our analysis: AC ¼ AC=AM ; nL ¼ nL=nR;NC ¼ NC=NR;D ¼ D=L,
and kS ¼ kS=kC .
We begin by investigating that how substrate rigidity couples
with ligand density to modulate the vesicle conﬁguration.
Fig. 4(a) and (b) shows the variation of the vesicle spread area
ðACÞ, as the compliance ðkSÞ and adhesivity ðnLÞ of the substrate
change. The curves shown in Fig. 4(b) are cuts through the curved
surface in three dimensions shown by Fig. 4(a). The ﬁrst notable
observation is the biphasic dependence between the spread area
and the ligand concentration. On relatively stiff substrates, the
spread area of the vesicles exhibits strong biphasic dependence
to the changes in ligand density and acquires a large value on an
optimal intermediate ligand density. On softer substrates, the ves-
icle ﬂattens to a smaller spread area and the biphasic dependence
between the area and ligand density are less pronounced. These re-
sults, to some extent, are reminiscent of the spreading curves of
smooth muscle cells on collagen coated polyacrylamide gels, re-
ported by Engler et al. (2004b), as shown in Fig. 1. At very large
concentration of ligands, the contact area approaches an asymp-
totic value, irrespective of the compliance of the substrate. Below
a certain critical concentration of surface ligands however, the ves-
icle adhesion may not be thermodynamically admissible. This crit-
ical concentration is found to depend on the compliance of the
substrate as shown by Fig. 5.
Although the general biphasic nature of the experimental
results noted in Fig. 1 is predicted by model, the character of the
response for lower ligand densities is quite different. It is known
that the state of weak adhesion is dominated by the contribution
of non-speciﬁc adhesions (Seifert, 1997) which are not included
in the manifold of generic interactions considered in this paper.
Cell adhesion involves both speciﬁc and non-speciﬁc adhesion
where the latter is mediated by van der Waals forces competing
with shorter-ranged electrostatic or hydration repulsions. Experi-
mentally accessible values of non-speciﬁc adhesion lie in the rangevalue Physiological range Source
101–104lm2 Bell et al. (1984)
10–104lm2 Bell et al. (1984)
0–104dynes Bell et al. (1984)
0.5–2  102lm Bell et al. (1984)
.lm 0.4–4  108dyne.lm Evans (1983)
/lm – Needham and Hochmuth (1992)
m 1–3  102lm Bell et al. (1984)
103–103lm2 Bell et al. (1984)
/lm 106–101dyne/lm Bell et al. (1984)
/lm – Bausch et al. (1998)
Fig. 4. Variation of the normalized spread area ðACÞ with the normalized compli-
ance ðkSÞ and normalized ligand density ðnLÞ of the substrate change. The curves
shown in (b) are cuts through the curved surface in three dimensions shown in (a).
Fig. 5. Phase diagram of binding of vesicles to a compliant bio-adhesive substrate,
representing the critical ligand density as a function of substrate compliance.
Vesicle properties are deﬁned in Table 1.
Fig. 6. Variation of the number of ligand–receptor bonds ðNCÞ with the normalized
compliance ðkSÞ and normalized ligand density ðnLÞ of the substrate. The curves
shown in (b) are cuts through the curved surface in three dimensions shown in (a).
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rations in the range 3–30nm. Such relatively weak adhesion en-
ergy regulates the state of adhesion when the speciﬁc adhesions
are weak. This is expected to be a reason underlying the differencebetween the model prediction of adhesion area and experimental
observation at low ligand densities.
How substrate compliance couples with ligand density to mod-
ulate the morphology of adherent vesicles is rooted in the thermo-
dynamic nature of interaction between the vesicle membrane and
the substrate. If the initial ligand density is low (but still high en-
ough to warrant the stable adhesion), increasing the ligand density
leads to increasingly higher number density of ligand–receptor
pairs within the contact zone and thereby larger contact area
(Fig. 6). However, concurrent with increasing the number of
ligand–receptor bonds, the gap distance D between the vesicle
and substrate gradually decreases (Fig. 7) leading to increasingly
larger membrane–substrate repulsion (see Eq. (3)). As a result,
the contact area acquires a maximum value at a certain ligand den-
sity, above which further increase in ligand concentration leads to
no further increase or reduction of AC.
At any binding point, the local deformation of the substrate
caused by the pulling force of a stretched ligand–receptor bond
can be approximated using d = kC(D  L)/kS. From Fig. 7, it can be
observed that a large decrease in the substrate rigidity (more than
one order of magnitude) leads to just a small reduction of the
separation distance D. As a result, the compliant substrate must
undergo a large deformation at each adhesion site which in turn
leads to a signiﬁcant increase in elastic energy of the substrate
deformation. Therefore, the formation of new ligand–receptor
bonds (thereby increasing the size of the contact zone) becomes
increasingly costly as the stiffness of the substrate decreases. In
our equilibrium analysis, the energy cost associated with the
substrate deformation must be balanced by the enthalpy of
Fig. 7. Variation of the normalized separation gap between the vesicle and
substrate ðDÞ with the normalized compliance ðkSÞ and normalized ligand density
ðnLÞ of the substrate change. The curves shown in (b) are cuts through the curved
surface in three dimensions shown in (a).
Fig. 8. Variation of the contact area with substrate rigidity at different (a) ligand–
receptor energetic afﬁnities and (b) compressibility coefﬁcient of repulsive glyco-
calyx. The ligand density is held constant at nL = 1000lm2.
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substrates, the vesicle reduces its contact area to avoid the high en-
ergy penalty of the substrate deformation. This is the underlying
mechanism which mediates the interrelation between the sub-
strate stiffness and the size of the contact zone. The regulatory ef-
fect of substrate compliance is supposed to weaken on substrates
with very high concentration of ligands due to signiﬁcant receptor
depletion, as shown by Fig. 4.
Fig. 4 shows that the vesicle contact area respondsmost strongly
to changes in substrate stiffness at low kS whereas on stiffer sub-
strates AC approaches saturation. This behavior can be controlled
by changing other parameters such as the ligand–receptor binding
afﬁnity or membrane substrate repulsion. Fig. 8(a) shows the effect
of changing the ligand–receptor binding afﬁnity on the variation of
AC. This has been done by changing the value of equilibrium con-
stants Keq ¼ exp l0Rf þ l0Lf  l0C þ kBT
 
=kBT, which is deﬁned by
analogywith classical equilibriumconstants for solutionphase reac-
tants. The contact area on increasingly stiffer substrates approaches
a plateau which depends strongly on the afﬁnity constant Keq. The
contact area increases by enhancing the binding afﬁnity between
the receptors and the ligands, simply owing to increment of GC con-
tribution in the free energy. In addition, changing the binding afﬁn-
ity signiﬁcantly alters the critical substrate stiffness which is
required to establish the equilibrium adhesion. As expected, the
useof ligand–receptor pairs associatedwith a largebinding constant
leads to receptor depletion.
The effect of the repulsive potential on the contact area is
shown by Fig. 8(b). In our model, the membrane–substrate repul-sion is associated with the presence of glycocalyx-like molecules
on the ventral side of the membrane. In order to form a close con-
tact between the cells, the long chains repeller molecules forming
the glycocalyx must be compressed. Reducing the gyration space to
less than the gyration radius of the repelling polymers leads to a
strong steric energy penalty for adhesion, represented by Eq. (3).
Hence, incorporation of repelling molecules naturally leads to the
reduction of effective adhesion strength.
The last control mechanism investigated is the surface tension
of the vesicle. The effect of membrane tension on the size of the
contact zone is found to be negligible in comparison with the det-
rimental contributions of other control parameters. Fig. 9 com-
pares the vesicle’s contact area at different values of r. Although
in general, the area of the contact zone reduces with increasing
r, the difference between the relative values of AC is insigniﬁcant.
This is rooted in the negligible contribution of bending energy in
total free energy of the vesicle upon adhesion. Membrane tension
controls the shape of the membrane proﬁle at the boundary region
around the contact zone and changes the elastic energy density of
the deformed membrane. It is important to notice that j is negligi-
ble compared to the speciﬁc energy of adhesion. Consequently the
bending contribution in free energy is very small (less than 105kBT
per bond) in comparison with the energy of each ligand–receptor
bond (of the order of 1  10kBT) (Smith and Seifert, 2005). As the
number of bonds is very large, it is clear that the bending energy
is not of comparable magnitude. Hence, the membrane deformation
Fig. 9. Variation of the contact area with substrate rigidity at different surface
tensions. The ligand density is held constant at nL = 1000lm2.
394 A.S. Sarvestani / International Journal of Solids and Structures 48 (2011) 388–395due to bending is energetically inexpensive and can be virtually
omitted from the minimization of the free energy.
The vesicle adhesion is generally started with formation of
tightly bound segregated receptors, analogues to the focal adhe-
sion points in cell adhesion (Wiegand et al., 1998; Sackmann and
Bruinsma, 2002). These sparse adhesion plagues slowly merge over
a period of several hours, when vesicle acquires its (quasi) equilib-
rium conﬁguration. The coarsening is predominantly driven by the
line tension arising due to the bending deformation at the mem-
brane (Sackmann and Bruinsma, 2002). Naturally, our equilibrium
model cannot elucidate that how the substrate compliance regu-
lates the growth and nucleation of these domains. Correct analysis
of the spontaneous growth of the adhesion plagues warrants a ki-
netic model, similar to those proposed by Boulbitch et al. (2001)
and Brochard-Wyart and de Gennes (2002). However, increasing
the compliance of the substrate is expected to impede the growth
of these transient domains due to the mechanism described in this
paper: the reduction of substrate stiffness makes the thermody-
namically driven process of growth costly and therefore impedes
the spontaneous spreading of the membrane. Recent experimental
study on myoﬁbroblasts adhesion (Gofﬁn et al., 2006) shows that
in general, reduced stiffness of the bio-adhesive substrate corre-
lates with the smaller size of the focal adhesions. The role of the
thermodynamic contributions in regulation of the time dependent
adhesion to a compliant substrate is considered in a separate paper
(Sarvestani, 2010).
5. Conclusion
We have outlined a framework to investigate the thermody-
namic equilibrium adhesion of a vesicle to a compliant substrate
functionalized with immobilized bio-adhesive ligands. The vesicle
is modeled as an enclosed soft elastic shell, reconstituted with mo-
bile receptors and a repelling layer on the ventral side. The free en-
ergy function of the system is assumed to be comprised from the
following contributions: the membrane–substrate repulsive
potentials, stored elastic energy (in deformed membrane and sub-
strate), binding enthalpy, and mixing entropy of mobile receptors.
The equilibrium condition of the system is studied in detail and the
effects of variety of control parameters on vesicle conﬁguration are
identiﬁed. In particular, we have shown that the spread area of
adherent vesicles is very sensitive to both rigidity and adhesivity
of the substrate. The contact area responds most strongly to
changes in compliance on soft substrates whereas on stiff sub-
strates the size of the contact area approaches a saturation valuewith a biphasic dependence on the density of ligands. These pre-
dictions are reminiscent of the experimental observations of
spread area of cells adhering on compliant bio-adhesive substrates.
This is an interesting result considering the lack of contribution of
intracellular signaling or actively regulated cytoskeleton in the
proposed physical model for the adhesion. This suggests that the
mechanistic pathways inherent to membrane–substrate thermo-
dynamic interactions can be equally important as intracellular sig-
naling pathways to mediate the process of rigidity sensing by cells.
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